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The  rmitlnuix'  nf  wt'll-sizisl  i-nriimliiiii  |niw<|pr*  in  I  lie  rittiK<‘  Iwlwmi  I  Mil  n  Iihn  Ihh*ii  liiensurail  by  ir 
inlorfnrixni'lry  in  I  lie  7..">  2.‘>  n  ri'Kinn  nf  I  he  spt'H  ruin  (MINI  l.'IIM)  phi  Tim  h|M!p(i,i«I  fcnlimw  |>pi>i.-.l 
fur  nil  particle  sizes  with  sninc  interesting  relative  intensity  vnrinliinm.  TIip  li,in|M<rHliirc  of  (In-  radiating 
surface  in  ilptrimininl  hy  setting  tin*  emiltnnce  equal  In  unity  nl  HIM.*)  pin"1.  Al  thin  point  it  in  known 
I Iml  Imlli  orientations  nf  mriiitihiiii  hnvp  a  refractive  im lev  close  in  unity  anil  I Iip  iilinnrpliiin  cocllieient  in 
i|iiilp  ninnll.  Thun  IhiiIi  iIip  volume  anil  Ilia  surface  reflectance  Iprinn  uri*  negligible  anil  Iipiipp  IIip  emit- 
liiiiip  in  h|>|iiiiX.  I.  TIip  win  ip  |»i«vi|pm  Iiiivp  been  inpiiniirpil  in  reflectance  union  a  Cary-Whiln  n|mm*I  rniit- 
p|pr.  A  i|HHIililnlivP  iniii|Nll'inim  in  ioiiiIp  IipIwppii  the  two  tcrhnii|ilcs  anil  KirclilmlT's  law  in  nlinwn  In 
apply  PX|H'riuiPiilally. 


I.  Introduction 

in  tint  coil  me  nf  u  research  program  directed  toward 
the  development  nf  a  comprehensive  theory  of  the 
spectral  reflectance  or  eniiitanee  nf  natural  surfaces, 
wc  are  attempting  In  extend  a  llienry  previously  pro¬ 
posed  hy  some  nf  us1*  into  the  diflieull  region  where 
the  radial  inn  wavelength  approaches  the  particle  size 
of  particulate  media.  To  aid  in  t hr*  formulation  of  thin 
theory,  we  have  made  ir  measurement m  on  a  Meries  of 
well-sized  corundum  powders.  This  paper  reports  llu* 
experimental  results.  Corundum  was  elmsen  for  this 
experiment  as  it  satisfied  several  ref|uirements  neces¬ 
sary  to  shed  light  on  the  fundamental  phenomena  in¬ 
volved.  The  requirements  include  well  known  values 
of  the  optical  constants  for  different  particle  orienta¬ 
tions,  and  availability  in  well  known  and  relatively 
narrow  particle  size  distributions  encompassing  those 
wavelengths  that  contain  the  most  interesting  spectral 
properties  for  rentole  sensing  purposes,  which  lie  in  the 
vibration  d  region  of  the  ir.  The  choice  of  an  inter¬ 
ferometer  for  measurement  of  emittance  spectra  was 
suggested  by  its  rapid  resjKinse  and  high  sensitivity  for 
viewing  extended  sources.*  This  would  be  particularly 
important  when  short  observation  times  are  required 
its  in  remote  sensing  applications. 
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II.  Experimental 

The  experimental  samples  were  Microgrit  WCA  alu¬ 
minum  oxide  precision  litpping  powders  manufactured 
hy  Microahrasives  Corponition  of  Westfield,  Massachu¬ 
setts.  This  material  was  continued  to  he  or-Al-Ai  by 
x-ray  diffraction.  The  manufacturer  states*  that  each 
particle  is  a  discrete  crystal  and  has  a  purity  of  over 
1)0%.  The  crystals  have  a  platelet  shape  with  their 
thickness  averaging  about  one-fifth  of  their  diameter. 
The  r  axis  is  perpendicular  to  the  platelet  fare.  Figure 
1  shows  the  particle  size  distribution  of  the  materials* 
and  Fig.  2  is  a  stereo  pair  of  photomicrographs  of  the 
surface  of  one  of  the  samples  as  used  in  our  experiment. 
The  photomicrographs  were  obtained  using  a  secondary 
electron  image  made  with  a  .ISM-2  scanning  electron 
Microscope,  courtesy  of  (».  Coggswcll,  ])r.  J.  Hums,  and 
A.  Kabaya  of  JKOI.CO,  U.S.A.,  Incorporated.  The 
samples  were  prepared  by  pouring  the  powders  into 
l-em  dium  aluminum  cups  and  smoot  hing  with  the  edge 
of  a  spatula.  Following  evacuation  of  the  air,  the 
process  was  repeated  several  times  in  order  to  till  the 
cups.  The  surfaces  were  then  shadowed  using  a  Pd 
40%:Au  (10%  alloy  and  photomicrographs  obtained  of 
the  central  areas  in  order  to  reduce  edge  effects. 

The  excellent  depth  of  focus  of  these  photographs 
clearly  shows  the  complex  nature  of  the  powder  ge¬ 
ometry  with  which  any  theory  must  cope.  In  par¬ 
ticular,  the  contrast  between  regions  of  particle  ag¬ 
glomeration  and  deep  cavities  is  very  marked.  The 
highly  nonsplierical  shape  of  the  particles  is  also  evident 
and  must  be  borne  in  mind  in  formulating  a  theory  of 
the  reflectance  spectra  of  such  samples. 

The  instrument  used  was  a  Block  model  IlKiTC  inter¬ 
ferometer  spectrometer11  which  has  a  nominal  spectral 
range  of  4-40  n  and  a  spectral  resolution  of  ahou.  In 
cm*1.  The  interferogram  was  scanned  repetitively  at  a 
rate  of  1  spectrum/second  for  2  min  and  the  data 
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recorded  on  it  Sony  tape  recorder  for  later  reduction. 
The  detector  temperature  was  maintained  at  H05.5  K 
while  the  sample  temperature  its  measured  by  a  ther¬ 
mistor  huried  just  under  the  surface  wtts  in  the  range 
between  21)1  K  and  302  K  for  nil  samples. 

'rite  samples  were  placed  in  a  flat  aluminum  pan  in  a 
hot  plate  maintained  at  HI0.4  .fc  O.ti  K.  The  internal 
depth  of  the  pan  is  0.858  cm;  this  enables  the  optical 
properties  of  these  powders  to  prevent  any  radiation 
from  the  pan  itself  reaching  the  interferometer.  The 
entire  assembly  was  placed  in  a  sample  chamber  con¬ 
sisting  of  a  black  box  constructed  from  H. 18-mm  copper 
plate  and  insulated  with  a  5-em  layer  of  Styrofoam.' 
This  chamber  was  Hushed  with  nitrogen  and  cooled  to 
approximately  207  K  by  lilting  a  compartment  of  the 
chamber  with  dry  ice.  The*  cooling  is  necessary  as  a 
temperature  differential  between  the  sample  and  its 
surroundings  and  is  required  in  order  that  sample  re¬ 
flection  of  ambient  radiation  does  not  precisely  mask 
the  self-emission  of  the  sample.'  Cooling  of  the  back¬ 
ground  was  chosen  in  preference  to  the  more  usual  prac¬ 
tice  of  heating  of  the  sample  in  ordei  to  more  dowdy 
simulate  tint  properties  of  real  surfaces  in  remote  sens¬ 
ing  applications. 

Kxperimental  runs  were  made  on  WCA  AI-Oj  js>w- 
ders  5,  !),  15,  20,  and  HO  (which  represent  the  nominal 
partie'e  sizes,  i.e.,  the  platelet  diameters,  in  microns). 
Kadi  sample  was  poured  into  the  sample  pan,  which  Ims 
a  diameter  of  0.85  cm  designed  to  till  the  field  of  view  of 
the  interferometer.  The  top  surface  was  leveled  by¬ 
passing  the  edge  of  a  spatula  across  it.  This  worked 
well  for  the  larger  sizes  but  the  5  g  sample  invariably- 
had  a  roughened  surfate  as  agglomeration  of  the  parti¬ 
cles  resulted  in  some  gouging  during  the  leveling  pro¬ 
cedure.  The  volume  fractions  were  measured  for  each 
of  the  samples  and  were  WCA  5  (f  -  0.28fi),  WCA  0  (/ 
=  0.287),  WCA  15  (/  =  0.200),  WCA  20  </  -  0.H1-.I), 
and  WCA  HO  (J  =  0.H.H0).  This  trend  confirms  our 
previous  assertion  that,  fine  particles  tend  to  pack 
loosely.-  The  interferometer  scans  were  made  at  an 
emission  angle  of  15°  with  a  10°  angle  of  view.  The 


measured  data  from  the  individual  scans  were  coherent  ly 
added  and  then  the  Fourier  analysis  was  carried  out  to 
obtain  the  spectrum. 

To  obtain  the  absolute  measurement  of  emittance. 
the  instrument  was  calibrated  by  making  measurements 
of  a  conical  blncklanly  source  at  a  number  of  temper¬ 
atures  which  bracketed  the  range  of  intended  sample 
t  emperatures.  The  detector  was  maintained  at  305.5  K 
as  in  the  sample  measurements.  The  object  of  this 
calibration  was  the  determination  of  the  spectral  respon¬ 
sivity  of  the  instrument.  The  responsivity  is  the  ratio 
of  output  signal  units  of  the  Fourier  transform  to  the 
differential  radiance  between  the  detector  and  the 
source.  A  byproduct  of  this  procedure  was  a  radio¬ 
metric  confirmation  of  the  detector  temperature. 

For  reduction  of  the  experimental  corundum  data, 
the  output  signal  was  divided  by  the  responsivity  to 
determine  the  differentia!  radiance  for  each  sample. 
The  sample  radiance  was  then  determined  by  an  addi¬ 
tive  correction  for  tin*  known  deteetor  and  sample 
chamber  radiances.  The  determined  radiances  show 
slight  systematic-  errors  caused  by  small  anomalies  in  the- 
responsivity  data.  These  include  the  residual  effect 
of  atmospheric  absorption  which  was  largely  excluded 
during  sample  runs  by  Hushing  with  nitrogen. 

III.  Surface  Temperature 

While  our  radiance  plots  were  adequately  calibrated, 
an  appropriate  hlackhody  temperature  is  necessary  in 
order  to  pl-d  spectral  emittance  accurately.  As  the 
thermistor  bead  was  placed  just  under  the-  surface  of 
each  sample,  small  variations  in  position  would  allow 
some  disc-repair  y  In-tween  the*  measured  temperatures 
and  those-  set^-el  by  the-  inlorl'e-rome-le-r.  In  addition, 
the  spectral  vni  unions  in  optical  properties  of  the-  pow¬ 
der  would  lead  to  some  variation  in  the-  depth  at  which 
the  radiation  originates  and,  lu-nce,  to  a  variation  in 
appropriate  blackbod.v  temperature  chi'  to  the-  thermal 
gradient  that  exists.  Th.-  optical  constants  for  conm- 
dum  arc  such  that  the  radiation  is  emitted  from  depths 
ranging  bc-tw-c-n  a  few  microns  and  a  millimeter  in  this 
spectral  range*.  The  temperature  gradient  over  this 
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depth  is  of  thr  order  of  .I’C  nini.  Therefore,  even 
lint  physical  size  of  the  bead  would  lead  to  higher  mea¬ 
sured  temperatures  than  those  truly  representative  of 
the  real  surface.  In  order  to  obtain  an  accurate  sur¬ 
face  temperature  for  purposes  of  intercomparisnn  of 
these  spectra,  we  might  have  tried  more  precise  exjieri- 
meutal  techniques.  Instead,  however,  we  chose  a 
theoretical  approach  to  this  problem. 

An  examination  of  the  lattice  vibration  spectra  pub¬ 
lished  by  Marker7  suggested  an  interesting  way  of 
establishing  (In*  surface  temperature.  Moth  orienta¬ 
tions  of  corundum  are  seen  to  undergo  zero  Fresnel 
reflectance  at  a  wavelength  of  just  less  than  lOg.  'This 
is  caused  by  the  dmp  in  refractive  index  (anomalous 
dispersion)  that  occurs  at  wavelengths  just  prior  to 
strong  absorption  features.  The  index  in  this  region 
falls  below  a  value  of  1.  When  the  refractive  index 
equals  l,  the  normal  incidence  Fresnel  equation  has  tin* 
form 

It  -  *•’/(•<  +  *’),  (l 

where*  k  is  the  absorption  index.  If  k  is  small  at  this 
jK)int,  the  surface  reflectance  is  effectively  zero.  Us¬ 
ing  Marker's  data,  wc  have  computed  the  optical  con¬ 
stants  and  established  the  value  of  k  at  this  point  to  la* 
iK'tween  l.,r>  X  10-s  and  4  X  1C-*  for  both  orientations 
of  corundum.  Scattering  also  disap]M*ars  due  to  the 
index  value  near  unity  leading  to  a  volume  reflectance1 
near  zero,  and  so  we  decided  to  assume  an  overall  re¬ 
flectance  of  zero  at  this  point.  Thus  an  emit  lance 
value  of  unity  was  obtained  from  KirchholT’s  law  for 
this  spectral  jH»int  which  did  represent  the  highest 
emittancc  value  shown  in  our  spectra.  My  using  this 
criterion  (»  =  1  at  1035  cm"'),  wc  were  able  to  estab¬ 
lish  a  blackbody  temperature  representative  of  the 
surfaces.  These  temperatures  were  used  to  compute 
the  emittancc  curves  shown  in  Fig.  3.  The  temper¬ 
atures  are  somewhat  lower  than  those  measured  at  the 
location  of  the  thermistor,  which  is  in  accord  with  the 
opacity  of  corundum.  Further,  the  trend  of  the  tem¬ 
peratures  clearly  shows  the  largest  gradient  occurs  with 
the  smallest  particle  sizes  and  greatest  porosities. 


IV.  Results  and  Discussion 

Figure  3  shows  the  resulting  emittancc  plots  for  the 
live  samples  of  corundum  powder.  The  spectra  fall 
into  a  systematic  series  for  the  most  part,  although 
some  crossings  of  the  curves  occur  near  -100  cm-1  and 
">00  cnr  '.  This  emittauce  trend  which  has  been  ob- 
servisl  by  others,*-*  might  Ik;  explained  in  terms  of  the 
surface  structure  of  the  samples.  The  porosities  trend 
such  that  the  smaller  particle  samples  have  the  greater 
porosities.  The  optical  constants  of  corundum  in  much 
of  this  spectral  range  (-100-900  cm-1)  are  such  as  to 
give  moderately  high  surface  reflectance  and,  except  for 
the  smallest  particle  sizes  involved,  there  is  considerable 
absorption  before  reaching  a  second  interface.  Thus, 
any  surface  roughness  leading  to  multiple  reflection  of 
a  given  incident  ray  would  appear  to  In-  able  to  diminish 
over-all  reflectance  by  multiple  Imunce  and  hence  in¬ 
crease  emittancc.  The  trend  we  s(*e  with  particle 
size  could  therefore  Ik*  explained  by  assuming  that  tin; 
more  porous  sample  has  a  greater  amount  of  surface 
cavities  and  greater  surface  roughness  (which  was  ob¬ 
served  during  the  experiment).  The  data  sve  obtained 
nlmvc  approx  1300  cnr1  show  the  presence  of  intense 
atmospheric  water  bands  and  have  (teen  eliminated 
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from  our  figures.  TIiitc  is  some  deviation  from  (he 
observed  trend  of  higher  emilt:mce  from  smaller  parti- 
ele  sizes  at  fre'quencie's  beyond  MOO  cm-1. 

In  Fig.  4  X  we  show  the  omittance  data  for  these 
samples  together  with  reflectance  data  for  the  same 
samples  obtained  at  the  National  Bureau  of  Stan¬ 
dards."’  'I’he  reflectance  data  was  obtained  by  a  Cary- 
White  model  IK)  recording  spectrophotometer  having 
approx  lO-om*’1  resolution.  The  samples  were  ir¬ 
radiated  hemispherically  and  reflectance  was  measured 
at  a  20°  angle  of  reflection  with  an  angle  of  view  of  12° 
X  14°  *  it:  comparison  to  the  12°  cone  for  the  Block 
interferometer.  The  temj>erature  of  the  samples  was 
reported  to  be  kept  at  2*»°C.  This  direct  comparison 
of  omittance  and  reflectance  measurements  shows  that 
KirchhofT’s  law  is  quantitatively  consistent  with  the 
data.  It  should  be  recalled  that  the  temperature  of  the 
emitting  surface  was  chosen  by  invoking  KirchhofT’s 
law  at  a  single  frequency  (I0do  cm-1).  'Phis  temper¬ 
ature  was  then  used  to  establish  the  omittance  at  all 

*  I'rivnle  isiiiiiiiiinii'iiliitii  friini  John  It.  WliileSO  Linenlii  Ave., 
Siitmfonl  t 'uiiiiertii  iO 


the  other  frequencies  of  the  experiment.  The  agree¬ 
ment  between  these  emittances  and  the  independently 
determined  values  of  (1-reflcctnncc)  over  this  wide 
frequency  range  is,  therefore,  a  quantitative  validation 
of  KirchhofT’s  law.  The  good  agreement  also  confirms 
the  validity  of  this  method  of  the  determination  of 
surface  temperature. 

It  is,  important  to  recognize  that  KirchhofT’s  law, 

•  -  I  -  If,  (2) 

applies  ordy  to  the  proper  angular  complements.  The 
only  qualifications  necessary  in  our  case  are  the  use  of 
45°  omittance  data  and  20°  reflectance  data  which  is 
not  expected  to  be  serious  and  the  effects  of  the  dif¬ 
fering  temperature  gradients  which  can  only  be  impor¬ 
tant  for  the  omittance  data  as  the  optical  constants  arc 
not  significantly  affected  by  the  small  temperature 
range  involved.  These  factors  may  account  for  small 
shape  differences  between  the  omittance  and  reflectance 
data.  It  is  to  lie  noted  that  the  measured  reflectance 
values  of  zero  near  l()H.r>  cm-1  verify  our  theoretical 
method  of  establishing  the  reflectance  at  this  point. 

We  observe  some  additional  structure  in  cmittance 
when  compared  with  the  shape  of  the  comparable  re¬ 
flectance  spectra.  It  is  due  in  part  to  atmospheric 
bands  in  the  calibration  data  resulting  in  apparent 
peaks  in  the  spectra.  For  instance,  there  is  an  ap¬ 
parent  omittance  peak  near  tiflO  cm-1  due  to  carbon 
dioxide  (indicated  in  I  be  figure's)  and  there  are  peaks  ap- 
I  tearing  l>oth  at  the  high-frequency  end  of  our  range  and 
near  *>7’»  cm-1  due  to  water  vapor. 

It  is  apparent  from  the  data  that  the  spectra  of  the 
larger  particle's  have  the  greatest  spectral  excursions 
ns  has  Itocu  observed  by  many  workers.  But  even  at 
the  smallest  particle  size's  studied,  there  is  ample  sig- 
nnl-to-noise*  in  the*  spectrum  to  clearly  show  the  peaks 
ami  valle'ys  that  contain  the  renn  positional  information. 
Comparison  of  the  elata  frenn  runs  on  the  various  parti¬ 
cle  sizes  sheiws  shape  change's  t  hat  nccel  to  be  well  uneicr- 
steioel  be'fenv  e>no  could  elcfiuitcly  identify  a  complex 
mate'rial  by  its  spectrum.  This  is  well  exe'mplilieel  by 
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wavelength,  microns 


WAVE  NUMBER,  cm*1 


Fig.  9.  Emittance  features  near  .r>00  err.'1  (displaced  format). 


Fig.  9,  where  the  data  from  Fig.  3  iti  the  \  icinity  of  500 
cm-1  is  replotted  in  a  displaced  form  so  that  the  band 
changes  can  be  clearly  seen.  There  are  different  trends 
in  the  intensities  of  the  two  minimum  emittance  bands 
at  492  cm*1  and  518  cm*1  as  a  function  of  particle  size. 
The  band  at  518  cm-1  falls  in  intensity  as  the  particle 
size  is  increased  while  the  trend  with  the  492-cm-1  band 
is  in  the  opposite  sense,  although  the  three  larger  parti¬ 
cle  sizes  appear  to  produce  no  change  in  band  inteasity. 
However,  in  general  it  may  be  said  that  in  these  experi¬ 
ments,  features  are  preserved  from  spectrum  to  spec¬ 
trum  with  some  changes  in  intensity  ratios  and  some 
minor  frequency  shifts. 

As  has  been  pointed  out  in  the  past,1•,•ll•,,  grosser 
spectral  changes  with  particle  size  can  also  occur. 
Those  depend  on  a  number  of  factors  including  the 


particle  opacity,  topography,  and  the  ratio  of  particle 
size  to  radiation  wavelength.  These  factors  influence 
both  the  surface  and  volume  contributions  to  the  re¬ 
flectance  in  complicated  ways. 

We  are  currently  in  the  process  of  computer  modeling 
our  theory  of  reflectance  (emittance)  from  particulate 
media  in  the  expectation  that  this  type  of  approach 
wilt  enable  faster  progress  to  be  made  in  understanding 
the  complicated  processes  involved  in  interpreting 
spectra  such  as  those  shown  in  this  paper.  In  the 
course  of  this  work,  we  discovered  a  minor  error  in  our 
previous  computer  calculations  of  the  theoretical  spec¬ 
trum  of  quartz.*  We  had  used  volume  fraction  ratios 
of  2:1  for  E\\C:E±C  quartz  crystallites  in  attempting  to 
simulate  qunrtz  powder  spectra  rather  than  1:2  as  is 
correct  for  unpolarized  radiation.  We  therefore  reran 
the  computations  and  found  a  much  better  match  to 
the  intensity  ratios  of  peaks  in  the  500  cm-1  to  300 
cm-1  measured  in  our  previous  work.1  However,  the 
peak  intensities  still  differ  from  the  experimental 
values. 

This  work  has  supported  in  part  by  the  Air  Force 
under  contract. 
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